Background: Microscopic structures of the ossification centers of the odontoid process were studied from the micro-CT images of the axis, and the potential influence of the ossification centers with different microscopic structures on odontoid process fractures was analyzed.
INTRODUCTION
The odontoid process originates from the mesenchyme of the first cervical vertebra at the embryonic stage. During the growth and development of the odontoid process, the original two ossification centers gradually fuse into one. The epiphyseal plate of this fused ossification center is located between the odontoid process and the axis vertebra. Under normal conditions, complete ossification occurs at about 6 years old, leading to complete fusion between the odontoid process and the axis vertebra. However, residual ossification centers will appear if the ossification is incomplete, which unfortunately becomes an anatomical structure of mechanical weakness. This will further result in the fractures of the odontoid process of axis and hence the instability of the entire atlantoaxial complex and even the compression injury of the cervical spine. The pathogenesis of incomplete absorption of the ossification centers in the base of the odontoid process still remains unclear [1] [2] [3] [4] . Most researches [5] [6] [7] prefer the use of ordinary imaging techniques such as conventional CT, plain X-ray or MRI to characterize the absorption of the ossification centers in the axis. However, these imaging techniques can hardly visualize the absorption of the small trabecular bones in the ossification centers.
Micro computed tomography (micro-CT), known for its micro-grade (μm) resolution, can clearly visualize the microscopic structure of the sample without destroying it. At present, micro-CT has been applied to the observation of the microscopic structure of the femoral trabecular bone [8] [9] [10] [11] . In the present study, micro-CT was used to visualize the absorption of the ossification centers of the axis, so as to further analyze the influence of the ossification centers in the base of the odontoid process on odontoid process fractures.
MATERIALS AND METHODS

Baseline data
According to the identification criteria of anthropology, 18 dry odontoid process specimens from adults (provided by the Teaching and Research Office of Human Anatomy at Inner Mongolia Medical University) were randomly selected. These specimens were aged between 45 and 63 years old, with an average of 58.2. All specimens were of intact internal structure and no anatomical deformity by conventional X-ray, which satisfied the experimental requirements.
Method
Micro-CT scanner was used (Hiscan XM Micro CT, Suzhou Hiscan Information Thechnology Co., Ltd., Suzhou, China). After filtering and air calibration, the bone specimens were placed on the rotation stage and scanned segment by segment, in 25um resolution. Uniform parameters were configured for the micro-CT scanner: voltage 60kV, current 133uA, single exposure time 50ms and scan angle interval 0.5 degree. [12] . The parameters were analyzed statistically.
Statistical method
The data were input into Excel and SPSS17.0 for sorting and statistical analysis.
The data were expressed as mean±standard deviation ( ). Non-parametric test was performed at the significance level of a=0.05. P<0.05 was taken to indicate significant difference.
RESULTS
Clear images of the overall structure of the axis were obtained by the micro-CT scan, and the trabecular bones were clearly visible for each vertebra. Of the 18 specimens of the axis, 11 specimens were found with incomplete absorption of the ossification centers in the base of the odontoid process, accounting for about 61%. As a result of incomplete ossification, cavities were formed and the connections between the trabecular bones were easily differentiable. That is, the ossification centers were continuous with the trabecular bones of other vertebrae. The internal margins of the cavities were presented as smooth and regular calcification shadows and were hyperintense on the micro-CT images.
Regions with incomplete ossification varied in size and morphology, and their 3D morphology was predominantly oval. Some of them were of triangular pyramidal shape or flat oval shape. There was even one case with double oval shape in the axis. These regions were usually of a small size in 3D view. The transverse and vertical diameters of the maximum cavities measured on the coronal plane accounted for less than 10% of the transverse and vertical diameters in the same planar vertebral structure, respectively.
Such observations occurred in 8 patients, accounting for about 80%. Larger cavities were sometimes formed in the regions of incomplete ossification. For these cavities, the transverse and vertical diameters measured on the coronal plane accounted for about 30% of the transverse and vertical diameters in the same planar vertebral structure, respectively. Such observations occurred in 3 patients, accounting for about 20% (Fig.   1,2) . 
DISCUSSION
Ossification centers of the axis in human usually fuse into trabecular bones before the age of 6. The trabecular bones formed after complete absorption of the ossification centers are uniform and consistent as those in other vertebrae. Since fusion of the ossification centers is already complete after reaching adulthood without any traces of ossification, no regions of mechanical weakness will be found in the normal axis vertebrae. However, cavities will be formed instead if the ossification is incomplete for some reasons and become the sites of mechanical weakness, leading to odontoid process fractures. The pathogenesis of incomplete ossification still remains unclear. Aydin et al. [5] studied fusion of the ossification centers in the cartilage of the base of odontoid process in children by using MRI. They found that the true lower bound of the odontoid process should be located in the ossification centers in the cartilage in the central base of odontoid process. We also found by using the micro-CT scan of the entire axis that the Anatomically, this is considered the lower margin of the base.
In the present study, the formation of cavities due to incomplete ossification of the axis vertebrae was a common condition, and these cavities varied in size and morphology.
Given the significant cavitation effect, these cavities are considered to be of greatly importance for understanding the mechanism and for the classification of odontoid process fractures. Recent years have witnessed a progress in high-resolution imaging techniques, especially micro-CT scan, with a reduction in cost. This provides a better pathway to studying the mechanism of odontoid process fractures and towards a refined classification of odontoid process fractures. In normal axis vertebrae, the rod-like trabecular bones in the ossification centers form a complex network structure through the transverse or oblique connections with trabecular bones in other vertebrae. Energy from the stressed axis can be transmitted along the trabecular bones to other sites of the axis. In other words, the atlantoaxial complex can stably transmit the energy through the entire axial bone. However, the cavitation effect induced by incomplete ossification of the trabecular bones has an adverse impact on energy transmission. Anderson [6] , using the conventional X-ray, believed that type Ⅱ and Ⅲ odontoid process fractures occurred in the base. In the type Ⅲfracture, the fracture line extended to the axis vertebrae. However, Anderson's classification system can only roughly analyze the axis fractures, but may fail to accurately differentiate between different types of odontoid process fractures. Grauer et al. [7] provided an accurate analysis of the distribution of the fracture line on the odontoid process: the fracture line extended from deep inside the vertebra to the outside, and the classification of the fractures varied with or without the involvement of the superior articular surfaces of the axis. We also believe that if an ossification center with incomplete absorption is close to the line connecting the highest points on the bilateral superior articular surfaces of the axis, it will be easily affected by the energy transmitted to this position, leading to fractures. If an ossification center with incomplete absorption is farther away from the line connecting the highest points on the bilateral superior articular surfaces of the axis, the energy will be dissipated by other trabecular bones of the axis vertebrae, which makes the fractures unlikely.
In our study, the size and morphology of the ossification centers with incomplete absorption should be closely associated with the mechanism and classification of the odontoid process fractures. The larger the size of the ossification centers with incomplete absorption, the more significant the cavitation effect would be, and also the greater the potential influence on the fractures in the base of the odontoid process. When the odontoid process is under the stress imposed by the head from different directions, the energy will be transmitted to the inside of the axis vertebrae via the trabecular bones in the odontoid process. If, in the 3D view, the cavities in the unclosed ossification centers account for a smaller proportion of the total volume of the vertebra, the energy transmitted to the unclosed ossification centers will not be large enough to tear the mechanically weak trabecular bones on the medial side. Rather, the energy will be transmitted to the surrounding along the normal trabecular bones. But if the cavities are sufficiently large, the cavitation effect will be much greater. As a result, when the energy is transmitted to the cavities in the unclosed ossification centers, the mechanically weak trabecular bones on the medial side may be first torn. After that, the energy will be transmitted to different directions along the torn trabecular bones, and the vertebral bodies of the axis will be fractured, probably with the involvement of unilateral or bilateral articular surfaces of the axis. This may be the possible mechanism of the occurrence of odontoid process fractures in clinic [13] [14] [15] (Fig. 3 ). 
